Objectives: To determine the association between cytochrome p450 2B6 genotypes and efavirenz-based HIV treatment outcomes.
Introduction
The widespread distribution of combination antiretroviral therapy into resource-constrained settings has dramatically improved survival in HIV-infected individuals [1, 2] . The current clinical management approach in such settings focuses on testing as many at risk individuals as can be reached and prescribing affordable antiretrovirals as soon as a feasible regardless of the ability to measure biomarkers of response [3] . In contrast, in resource rich settings, virologic monitoring, resistance testing, and tailoring regimens to patient characteristics are standards of care [4] . As the cost of such a management strategy decreases, it will likely become more widely implemented in resourceconstrained settings.
Efavirenz, one of the most commonly used drugs for HIV around the world, is also known to have substantially higher drug concentrations in an identifiable subset of patients, namely, those with polymorphisms in cytochrome P450 2B6 enzyme [5] [6] [7] . CYP2B6 516G>T and 983T>C are both associated with a significant decrease in enzyme function. If adverse effects are associated with lower efavirenz clearance and subsequently higher concentrations, as has been described by others [8] , it would be clinically important if it results in nonadherence or loss to follow-up [9] . Alternatively, slower clearance could result in improved drug effects in individuals who experience short-term nonadherence yet maintain adequate concentrations of at least one drug adequate to sustain viral suppression. Prior studies based on data from clinical trials participants have failed to demonstrate an impact of the 516G>T polymorphism on treatment success (i.e., being on the efavirenz-based regimen and in care with an undetectable viral load) [5, 10] . However, there are limited data on this association in routine care settings in subSaharan Africa, where efavirenz is widely used and patient attrition in antiretroviral therapy (ART) programs is common and associated with subsequent death [11] .
Recently, efavirenz has been relegated to second-line status in the United States Department of Health and Human Services guidelines due to concerns of tolerability [12] . We sought to determine if slow efavirenz clearance was associated with better or worse outcomes in an African population with a high prevalence of slow efavirenz metabolism alleles initiating antiretroviral therapy outside of a clinical trial [13] .
Methods

Participant characteristics and visits
We conducted a prospective observational cohort study of treatment-naive HIV-infected individuals at public HIV clinics in and around Gaborone, Botswana. Participants had to have confirmed HIV infection by standard assays, be of black African origin, age 21 or older, planning to stay in the Gaborone area for the subsequent 6 months, not be pregnant or intending to get pregnant, and initiating a standard three-drug efavirenz-based regimen, including nucleoside or nucleotide reverse transcriptase inhibitors irrespective of CD4 þ cell count. The baseline visit included tests for plasma HIV RNA and CD4 þ cell count, and blood was obtained for DNA extraction. Follow-up visits occurred at months 1 and 6, allowing a 3-month window for the month 6 assessment to be completed.
Participants were approached for enrollment in the clinics on the day they were scheduled to initiate antiretroviral therapy. They were then contacted by telephone the day before their scheduled follow-up visits. If participants failed to present to the study visit or did not respond to the telephone call, follow-up calls were made and short message system (SMS) messages were sent over the subsequent 2 weeks. Calls and SMS messages were also sent to their personal contacts requesting that the contacts notify the participant that the study team needed to speak with them. If participants did not show for the final visit by month 9, we searched all available records for evidence of their death or follow-up in clinical care including medical records at the clinic care site and electronic medical and laboratory records for sites that had centralized electronic data capture. Loss to follow-up after active tracing has been associated with death in this setting [14] .
Clinical endpoints
Death was determined by documentation in the medical record or by verbal report from the participant's family. Loss to care was determined by inability to identify any records on the participant up to 9 months after initiation of therapy. Plasma HIV RNA was assessed by using NucliSENS Easy Q HIV-1 (Biomerieux, Marcy l'Etoile, France) with a lower limit of quantification of 25 copies/ ml. We defined a composite primary endpoint as, death, loss to care, or viremia and secondarily assessed each of the component endpoints separately. Participants lost to the study but found to be alive and in care but without available viral load data were classified as having met the primary endpoint. We also assessed adverse experiences on therapy at months 1 and 6 by using the 35-item Subject Experience Questionnaire [9] . It was translated into Setswana and then back-translated into English by different bilingual translators and modified until the Setswana version was considered equivalent. Each symptom was rated 0-3 and summed across all items with higher scores representing greater adverse experiences. In secondary analyses, we summed only items pertaining to central nervous system symptoms.
Efavirenz concentrations
Blood was drawn at months 1 and 6 for plasma efavirenz concentrations. Participants were queried regarding the date and time of their dose prior to the blood draw and the date and time of the blood draw was also recorded. Plasma efavirenz concentrations were measured at a single laboratory by using a validated liquid chromatography/ tandem mass spectrometry assay [15] .
CYP2B6 genotyping DNA was extracted from whole blood samples and individual CYP2B6 genotypes were determined by measuring allele-specific fluorescence by using Taqman Genotyper software, version 1.3 (Life Technologies, Carlsbad, California, USA). CYP2B6 516G>T and 983T>C genotypes were jointly considered in defining the metabolism genotype. The single nucleotide polymorphisms (SNPs) passed a standardized quality control procedure that consisted of more than 95% successful call rate and Hardy-Weinberg Equilibrium testing (P > 0.01). All genotype-specific major and minor allele frequencies were concordant with individuals of African ancestry from the International HapMap reference panel.
Statistical analysis
Genotype-endpoint association We compared the association between genotype and composite endpoint by using logistic regression models. The primary analysis used the CYP2B6 516G>T and 983T>C genotypes to categorize individuals as extensive, intermediate, or slow metabolizers. We included genotype status as a categorical variable in our logistic modeling approach to address the potential concern that the assumption of a linear relationship with outcome might not hold and then as ordinal variables to assess for a dose response relationship between metabolism genotype and the various outcomes.
Multivariable models were constructed by including covariates associated with the endpoints with P values less than 0.1. Covariates were retained in the model if they changed the magnitude of the association between genotype and endpoint by more than 15%. Because of its known association with virological response, we included log 10 baseline viral load in all models irrespective of its association with endpoints.
We assessed the relation between CYP2B6 genotypes and change in CD4 þ cell count between baseline and month 6 by using linear regression models with genotype included as a categorical variable and ordinal variable. The secondary analyses of viremia and change in CD4 þ cell count only included individuals who remained in care for 6 months as those out of care did not have available data.
The Subject Experience Questionnaire scores at months 1 and 6 were compared separately between the CYP2B6 genotypes by using analysis of variance and then linear regression with genotype included as an ordinal variable.
Due to known effects of concomitant isoniazid treatment further decreasing efavirenz clearance in slow metabolizers [16] , we conducted additional sensitivity analysis excluding these individuals to assess for evidence of confounding or effect modification.
Population pharmacokinetic genotype analysis
The population pharmacokinetic analysis was conducted by using nonlinear mixed effects modeling (NONMEM) software version VII, level 2.0 (ADVAN 2, TRANS 2) interfaced with PDx-POP (both from ICON Development Solutions, San Antonio, Texas, USA). All models were run with the first-order conditional estimation with interaction (FOCE-I) method. We used S-Plus Version 6.2 (Insightful, Inc., Data Analysis Products Division, Seattle, Washington, USA) for goodness-of-fit diagnostics and graphical displays. The goodness-of-fit from each NONMEM run was assessed by using visual inspection of diagnostic plots and the precision of the parameter estimates (data not shown). Within-participants dosing histories greater than 30 days with no intermittent pharmacokinetic observations were condensed as a single steady-state dosing record. Given the limited sampling, only a one-compartment model was considered. Models were parameterized by apparent oral clearance (CL/F, ml/ min), apparent central volume of distribution (V1/F, l), and the first-order absorption rate constant (ka, h À1 ). We used an exponential variance model to describe the unexplained random variability of parameters across individuals. Models were explored by using various interindividual random effect covariance structures. Interindividual variability was initially estimated for CL/F, and then subsequently evaluated for the remaining pharmacokinetic parameters. A combined additive and proportional error model was used to describe random residual variability. The impact of weight on all pharmacokinetic parameters was investigated by using an allometric model and fixed at 0.75 for CL/F, and 1 for V1/F [17] [18] [19] [20] , and a reference weight of 70 kg. Finally, the impact of genotypes on CL/F based on polymorphisms for CYP2B6 516G>T and 983T>C jointly was estimated. A total of 13 individuals had efavirenz concentrations below the lower limit of quantification and were not included in the pharmacokinetic analysis.
Sample size considerations
We targeted enrollment of 940 individuals to achieve 80% power to detect a relative risk of 2.0 for the association between slow metabolism genotype and composite endpoint at 6 months. We assumed a prevalence of the variant allele of the SNP with the more common polymorphism (i.e., CYP2B6 516G>T) of 40% [13] and a composite endpoint rate of 20% [14] . We increased the target sample size by 50% [21] to account for the presence of potential effect modifiers of the relation between genotype and endpoint.
Ethical considerations and funding All participants gave written consent to participate after the study was explained to them in English or Setswana, depending on their preference. Participants were compensated with $5 US dollars per visit for three visits based upon guidelines from the Botswana Ministry of Health. The assays for CYP2B6 genotypes and efavirenz concentrations were performed in laboratories blinded to the endpoint data. Likewise, the assessment of loss to care was performed by staff blinded to the CYP2B6 Figure 1 displays the disposition of the participants. We successfully extracted DNA from all participants, but full exposure and outcome data were available in 801 individuals. Of the 128 participants excluded from all analyses due to inability to reliably classify CYP2B6 metabolism genotype, 45 samples showed no target amplification and in the remaining samples, there was insufficient allelic discrimination for the genotype to be determined by the automatic call algorithm. There were no apparent differences in baseline characteristics between those who were and were not successfully genotyped (Supplemental Table 1 , http:// links.lww.com/QAD/B138). Plasma HIV RNA was unavailable in 11 participants who were excluded from the analysis of the composite endpoint and the secondary endpoint of viremia, but included in the secondary analyses of death and loss to care. The 801 individuals included 406 (51%) men, median age 37 years (ranging from 21 to 67), median baseline CD4 þ cell count 195 cells/ml [interquartile range (IQR) 112, 256], and plasma HIV RNA 4.9 log 10 copies/ml (IQR 4.2, 5.4). Table 1 displays the baseline characteristics of the 801 participants included in the primary analyses. Men were at higher risk of treatment failure. Median baseline CD4 þ cell counts were lower and plasma HIV RNA were higher in those meeting the endpoint than those in study and suppressed at 6 months. Tenofovir disoproxil fumarate and emtricitabine were the nucleos(t)ide analog drugs in 769 (96%), with 24 (3%) on zidovudine and lamivudine, two (<1%) on stavudine and lamivudine, and six (1%) on an unknown combination of nucleos(t)ide analogs.
Of the 801 included in the primary analyses, 288 (36%) met the composite endpoint with 34 (4%) who died, 151 (19%) lost to care, 11 (1%) lost to study, but alive and in care, and 92 (11%) with detectable plasma viremia. In the individuals with viremia, the level was low with a median of 85 copies/ml (IQR 45, 160 copies/ml). Eleven (12%) of those with viremia had plasma HIV RNA more than 1000 copies/ml.
CYP2B6 polymorphisms and efavirenz clearance
A total of 788 participants had one and 633 had two plasma efavirenz specimens available at either month 1 or month 6 and were included in the efavirenz population pharmacokinetic analysis. All models were developed by using FOCE-I estimation, and the final model was minimized with successful execution of the covariance step. Final parameter estimates and inter-individual variability are represented in Table 2 . There was a dose-response relationship between the joint genotype categories and clearance and individuals were characterized as extensive metabolizers if they were homozygous for the CYP2B6 native allele at both sites (516 G,G and 983 T,T) and intermediate metabolizers if they were heterozygous for one of the SNPs, but not both (516 G,T or 983 T,C). All others were categorized as slow metabolizers. Of the 13 individuals with efavirenz concentrations below the limit of quantification, 10 were successfully genotyped with a distribution of two extensive, six intermediate, and two slow metabolizers.
CYP2B6 polymorphisms and endpoints
Metabolism variant alleles were common with 396 (49%) intermediate and 192 (24%) slow metabolizers. In unadjusted analyses, there were no statistically significant associations between metabolism and either the composite or secondary endpoints (Table 3 ). There was no apparent confounding of any of the associations but, analyses adjusted for log 10 baseline HIV viral load are included in Table 3 . Only 13 individuals were treated with isoniazid during the study and excluding them had no substantive effect on the results (data not shown). Of the 11 individuals with plasma HIV RNA more than 1000 copies/ml, the genotypes were one (9%) extensive, seven (64%) intermediate, and three (27%) slow.
Of the 450 (56%) participants who had both baseline and month 6 CD4 þ cell counts available, there were neither statistically nor clinically significant differences in the magnitude of CD4 þ increase by genotype. The extensive metabolizers had a median of 95 cells/ml increase (IQR 33, 189), intermediate metabolizers had a median of 92 cells/ml increase (IQR 42, 165), and the slow metabolizers had a median of 88 cells/ml increase (IQR 29, 168) with P values for all pair-wise comparisons more than 0.5.
CYP2B6 genotypes and adverse experiences
The results of the adverse experiences are displayed in Table 4 . At month 1 of therapy, slower metabolism was associated with statistically significantly fewer adverse experiences. Scores on the Subject Experience Questionnaire were 1.16 points lower [95% confidence interval (CI) 1.9 points lower, 0.40 points lower] and 0.66 points lower (95% CI 1.2 points lower, 0.14 points lower) for each slower metabolism category on the overall questionnaire and the CNS questions only, respectively, at month 1. At month 6 of therapy, among those remaining in care, this association was of a lesser degree and no longer statistically significant. Scores on the Subject Experience Questionnaire were 0.35 points lower (95% CI 0.84 points lower, 0.13 points higher) and 0.16 points lower (95% CI 0.47 points lower, 0.15 points higher) for each slower metabolism category on the overall questionnaire and the CNS questions only, respectively at month 6.
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Discussion
In this large population of HIV-infected adults initiating ART in routine clinical practice in Botswana, we found that polymorphisms in CYP2B6 516G>T and 983T>C were associated with decreased efavirenz clearance and less efavirenz-related toxicity, but not differences in composite virologic endpoints. In addition, we established that the additive allele-dose relationship between CYP2B6 516G>T and 983T>C and efavirenz clearance seen in other settings [7, 22] holds in this population. The genotype-specific clearance estimates as presented here are in line with other studies in Africa [23, 24] , but in contrast to findings in African-Americans.
We observed an unexpected inverse relationship between efavirenz metabolism and efavirenz-related adverse effects. Evidence in the literature regarding the association between efavirenz metabolism alleles, efavirenz concentrations, and toxicities has been conflicting. In contrast to our observation, the earliest studies of efavirenz clearance and CNS toxicity by Haas et al. [25] and Rotger et al. [22] reported that slow efavirenz metabolizing genotypes were associated with increased incidence of CNS toxicity. Notably, these studies were conducted predominantly in white patients, whereas most studies in patients of African ancestry have failed to substantiate this association. For example, Mukonzo found that CYP2B6 516/983 genotype was not associated with sleep disorders or hallucinations by the second week of therapy in 197 Ugandans [24] . Ribaudo et al. [5] found a similar lack of association between CYP2B6 genotype and toxicity in people of African origin. Sarfo et al. [26] showed in 299 Ghanaian patients that had a very high prevalence of 516G>T genotype, a particularly low incidence of neuropsychiatric toxicities (9.4%). In contrast, Gounden et al. [27] however did report CYP2B6 516G>T genotype to be associated with adverse events in a study of 80 patients of African origin in South Africa. A potential explanation for the conflicting findings includes polymorphisms in genes other than CYP450 mitigating CNS toxicity in people of African origin [28, 29] . Another potential explanation may be that 8-hydroxy efavirenz generated by CYP2B6 is the primary contributor to efavirenz's known CNS adverse effects [30] . Thus, slow efavirenz metabolizers of African origin may have lower levels of downstream toxic metabolites. Consistent with this, levels of this metabolite have been found to be lower in the plasma [31] and cerebrospinal fluid of slow metabolizers [32] although other evidence does not support this hypothesis [33] .
The lack of effect of efavirenz metabolism on virologic outcome we observed adds to an existing body of conflicting evidence. For example, Ribaudo et al. [5] found the 516G>T slow metabolism allele to be protective against virologic failure in African-American patients, but not in whites and Hispanics whereas Haas's et al. [10] study lacked any associations between CYP2B6 genotype and virologic failure in Haiti. Our results should help allay concerns that efavirenz might not be a good drug choice in places in which slow metabolism genotype is common due to concerns for abandonment of therapy by slow metabolizers.
Despite its strengths of large size, a racially homogenous group, and being conducted in a routine care setting, this study has limitations. Although we expended great effort at finding individuals lost to care, we do not know their ultimate disposition. Yet, other studies have demonstrated that many of these individuals have poor outcomes [34] .
As we lacked a precise measure of adherence, such as microelectronic monitors [35] , we were unable to determine whether adherence was impacted by the CNS toxicity in the extensive metabolizers. We also lacked data on cognitive functioning in relation to the CNS adverse effects reported. Finally, this study is limited to the impact of efavirenz metabolism on relatively shortterm outcomes despite antiretroviral therapy remaining lifelong for the foreseeable future.
In conclusion, we found that variants in CYP2B6 SNPs at positions 516 and 983 resulted in differences in the rate of efavirenz clearance with slower metabolism conferring lower rates of adverse effects. Although it did not impact short-term virological outcomes, identification of the cause of increased toxicity in the setting of greater clearance may provide novel insights into the mechanism by which drugs and their metabolites cause CNS adverse effects.
